Process viscometry has many advantages in terms of saving time and gaining more immediate information about a process. However, it can also has disadvantages in terms of compromises that must be made in taking a stream of liquid and passing it through a viscosity-measuring element. The latter operation can be a strong function of flow rate through the instrument, making the measured value variable. The viscometer itself might has been chosen for simplicity of measurement, but which might actually represent a complicated flow pattern in the sense of being a mixture of shear and extensional flow, frequency and acceleration. The best practice in the area of on-line viscometry is reviewed, and the current commercial instruments are compared to this standard. It is concluded that the choice of instrument depends on the pressing need is either for quick information or for reliable information. The Nametre vibrating sphere and the Brookfield concentric-cylinder instruments are highlighted.
INTRODUCTION
The advantages -for both batch and continuous process operations -of being able to measure the viscosity of liquid products (or product precursors such as slurries) on-line, during their manufacture are obvious: I Time and effort are saved in obtaining the current or batch-end viscosity, which is otherwise obtained by taking a sample to an off-line viscometer, which has to be carefully loaded and subsequently cleaned.
II A control function can be introduced -if means are available to alter the viscosity by process or chemical variables; and III A continuous monitor of viscosity build-upand hence structure -is available for batchmixing operations.
While the term 'process viscometer' is generic, the terms in-line and on-line need to be defined: here 'in-line' is used to describe the situation where all the liquid whose viscosity is being measured passes through or around the process vis-cometer, while 'on-line' means that only part of the liquid is taken and passed through the viscometer -for instance in a bypass loop. We shall usually use the term on-line for convenience as it is commonly used for this class of instrument, but it should be noted that the correct place for a viscometer must be carefully chosen, bearing in mind the effect of flow-rate and temperature, so that sometimes it is best to have the viscometer in-line and sometimes on-line.
Here we review briefly the principles on which good practice is based in the area of process viscometry. We will not go over the same ground as Dealy [1] or Cheng et al [2] , the former giving some principles, but few viscometer types, while the latter gives lots of viscometers with little 'consumerpreference rating', and no principles given. Here we shall give an outline of the principles; an overview of the kinds of instruments commercially available and then give some of our own experience with one particular viscometer, the Brookfield TT100.
DESIRABLE FEATURES OF A GOOD ON-LINE VISCOMETER
A good on-line viscometer should conform to the three R's of all process instrumentation:
I Representative samples of the liquid must continually pass through the responsive viscometer at a reasonable speed, but preferably without noticeably affecting the viscometer reading in doing so;
II Relatability must exist between the readings obtained on-line and those obtained from the definitive off-line instrument for all liquids of interest; III Reliability and robustness of operation is needed for the rigors of a typical factory environment.
In order to have a representative sample, liquid must either be taken from a fast-flowing part of the process stream or the instrument be placed directly in the stream. The electromechanical response of any viscometer is usually quite fast, but the overall response to a change of viscosity of the liquid stream depends on the rate at which the liquid is substituted by fresh material in the measuring volume of the viscometer. Of course this takes us into a compro-mise situation because a good flow-through might mean that the flow rate affects the viscosity reading, and then any fluctuations in flow rate are incorrectly interpreted as changes in viscosity, see figure 1 . For instance, if we want to place a measuring element directly in the flow stream (say a vibrating element) in order to get an almost instant indication of viscosity change, then it is unlikely to be the kind of measurement that is insensitive to flow rate and it is also unlikely that the viscosity reading easily relates to a conventional off-line measurement.
On the other hand, to make a proper viscosity/shear-rate measurement on-line requires that the liquid be introduced into, and then removed from, a carefully controlled measuring volume which is part of a well-designed viscometer. As we have said, this can take time to carry out, and usually leads to a delay in responding to current viscosity changes in the flow line. What kind of viscometer one chooses depends on one's need for instant information or otherwise. However, data handling systems such as Connoisseur (Predictive Control Ltd., Northwich, UK) exist that can make up for slow instrument response because the form of the response curve is known and reproducible. This means for instance that if we know the response after say 30 seconds, we can predict where the viscosity will end up. Figure 2 shows a typical response of this kind.
Relatable readings demand that we know quite a lot about the fluid and the flow or else we do the same measurement on-line as off-line to be able to relate the readings, see below.
Reliable and robust machines are designed to withstand the kind of mechanical and chemical environments found in factory situations. They must be mounted in a relatively vibrationfree position, and should not be attacked chemically by the liquids flowing through them.
All these factors mean that the study of online viscometry is a subject apart, with its own rules and regulations. This is especially true since most liquids of interest are temperature sensitive and non-Newtonian (and possibly viscoelastic) in nature. 
TYPES OF MEASUREMENT MADE BY CURRENT INSTRUMENTS
On-line viscometers use basically the same kinds of measurements made on off-line instruments, i.e.: Because most liquids of industrial importance are non-Newtonian, we realise that the measured viscosity can vary because of the • type of flow (shear or extension viscosity)
• the rate of oscillation (frequency-dependent viscosity or elasticity) and/or • the speed of flow (deformation-ratedependant viscosity). The result is that the one number usually produced as the output of a process viscometer, purporting to be the measured 'on-line' viscosity, can vary enormously for a non-Newtonian liquid depending on the type of measurement.
Also the measurement will be affected to some extent or other by the need to replenish continuously the fluid in the vicinity of the measuring element with fresh fluid. If this is done continually -as it is in most cases -then there is a strong possibility that the flow could affect the viscosity reading by for instance increasing the overall shear rate or even for vibrating elements give an oscillatory-plus-steady flow which is very difficult to interpret. This can be controlled, accounted for or replaced by a sampling method that ensures no-flow when measurements are made.
One particular problem in the use of vibrational instruments is that if the liquid being measured is viscoelastic to any degree, then care should be taken in analysing the results, because any correlation sought with a conventional viscometer might not be found. The signal, if not split into in-phase and out-of-phase, will include -often non-linear -viscous and elastic components. Because the frequency of these devices is often very high, i.e. ultrasonic, the degree of elasticity is often very high, and hence its contribution to the overall signal is large. In this case it is difficult to relate to an off-line viscosity measurement on a conventional viscometer.
One point that should always be borne in mind is the effect of temperature on viscosity, because the temperature of the liquid being measured on-line is often above that used offline. Therefore some compensation should be inserted. This is often built into the viscometer but can also be accommodated in any computerised data logging system being used, so that an equivalent standard-temperature viscosity can be displayed. For some measurements however, it might be necessary to pass the material through a heat exchanger to bring the material to the desired temperature for measurement.
THE EFFECT OF NON-NEWTONIAN VISCOSITY
Many on-line instruments are calibrated with Newtonian liquids, so that the results are presented as equivalent Newtonian viscosity -this can be far from the truth! Very few viscometers give the actual unambiguous (non-Newtonian) viscosity as a function of the variable, be it shear rate, frequency, etc. As Dealy has rightly said "Most commercial process rheometers are designed for use with Newtonian fluids, and when non-Newtonian materials are involved, special problems arise." [1] . In cases where we only want a signal that is proportional to some measure of 'thickness', then almost any viscosity reading will suffice. However if anyone has gone to the lengths of putting in an on-line viscometer, this usually means that we have for a long period been accu-104 Applied Rheology May/June 1999 mulating information from off-line measurements -and this is usually the case as few companies install on-line viscometers before off-line -then they will want correspondence between the on-line and off-line reading. This can of course, for the right kind of flow-curve, be accomplished by a simpler method on-line than off-line, when a one-to-one correlation can be established, but this is by no means always the case.
If the particular product is not very non-Newtonian, a single-point measurement might be sufficient. Even then however we must be sure that the flow type is the same. For instance if our experience off-line is built up from steady-state, simple-shear flow curves, then a too-fast measurement might mean the measurement is not made under steady-state conditions. Equally if the on-line flow has an appreciable extensional component, then problems can arise for some liquids, especially polymer solutions. Also if a vibrational mode is used, then it is probable that some non-linear oscillatory function is being measured. All these facts could mean that we end up with no simple one-to-one correlation between on-line and off-line. Hence the safest way is to duplicate on-line what is done off-line. This is possible nowadays for most situations.
Last, we should mention one recurring problem with any kind of viscometry -wall slip. To be more correct, we should speak about the depletion of the dispersed phase of suspensions and emulsions that takes place at a smooth wall. This leads to a lubricating layer at the wall that can greatly interfere with the measurement. This can be overcome by roughening or profiling the surface of the measuring element [3] .
HYGIENE AND CLEANING
Cleaning is an important issue for process viscometers. Anyone with experience of real factory operations knows that process instrumentation is expected to work immediately and it is never expected to need adjustment or cleaning, but is used day-in, day-out for months or even years. The best designs of viscometer anticipate this and ensure that little build-up of debris occurs, and if it does, it is easily removed. This will be achieved by either washing the system through with a suitable solvent or by having a built-in cleaning-in-place capability (CIP). The design of the viscometer housing is crucial in this context. Brookfield have introduced a special housing for their TT100 viscometer which was supplied by APV of New York.
GENERAL COMMENTS ON ACTUAL REPRESENTATIVE INSTRUMENTS
All on-line viscometers have some element of novelty in terms of the way they measure viscosity or how they ensure that liquid is replenished in the measuring region. However, at the same time, because they are in the flow-line, there is some degree of compromise. For instance, for the Brabender Convimeter, the novelty lies in the 'nutation' of the rotating member which precesses inside the measuring cell without rotating. However, although this novelty ensures that fresh liquid is drawn automatically into the measuring cell and measured liquid is expelled, the actual flow inside the measuring cell is very complicated, and does not necessarily reach steady state. The Contraves Convimat's novelty lies in the magnetic drive through the wall, ensuring complete isolation from the outside. However, the jewelled mounting which holds the driven cylinder often wears out, and lacks robustness. Also, the flow geometry is not well defined, so no true shear rate can be assigned for non-Newtonian liquids, and the flow past the measuring element is too fast. The Namtre Viscoliner (vibrating sphere) is a simple device, easily placed in the flow line, and easy to clean. However, the measurement one obtains is dependent on the flow rate past the vibrating sphere, and the number obtained is at best an oscillatory parameter, possibly the loss modulus, G'', which for the materials usually being measured, cannot necessarily be correlated with off-line measurements (the same is true for the Bendix vibrating reed instrument and the many others of this kind). However, it is rarely the case that the output signal is resolved into its elastic and viscous components.
The Cambridge piston viscosity sensor (Cambridge Applied Systems, Cambridge, MA, USA) is ingenious in that the piston is lifted to the top of a slot let into the side wall of a pipe, and allowed to drop, and the cycle then being repeated. The speed of fall is then related to the viscosity. The novelty here is that the action of the cylinder moving up and down which pumps fresh liquid in and out of the tube containing the piston. However, the one number so obtained can only yield the equivalent Newtonian viscosity.
Whether or not one can live with the compromise associated with any instrument depends on the nature of the liquids being measured. Thixotropic, shear-thinning liquids are very difficult to measure even in the best off-line viscometer under ideal laboratory circumstances. To measure such liquids on-line is extremely difficult. While most instruments are calibrated to give an equivalent Newtonian viscosity, this is not always very useful for difficult materials. If on the other hand the liquids of interest are easy to measure, being virtually time independent and only slightly non-Newtonian, than almost any method will suffice, since a reliable correlation can be established between on-and off-line measurements.
DETAILED ANALYSIS OF A PARTICULAR INSTRUMENT
The Brookfield TT100 is a typical on-line instrument that fulfils the criteria set out above, in that it follows the 3Rs, i.e., representative sampling, relatability, reliability and robustness of operation. It is manufactured by the Brookfield Engineering Company of the USA, who are the longest-standing manufacturers of commercial rotational viscometers in the world. It is a concentric-cylinder instrument that can operate inor on-line, and has an open-ended variant that can be mounted into the wall of a vessel -the TT200. The TT100 is mounted in a chamber through which the liquid of interest flows -the general arrangement is shown in schematic cross-sec-tion in figure 3 . The speed of the motor driving the outer cylinder can be varied or fixed and the torque produced on the inner cylinder causes a small twist of the sealed torque-tube supporting it. This small twist is transmitted through the wall without friction and is measured on a rotation transducer mounted outside the chamber.
Some of the flow finds its way down through the gap between the cylinders either by natural means because the flow resistance is asymmetric or as directed using a flow-deflector that drives most the flow downwards, so enhancing enhances the flow between the cylinders. The limits of the viscosity that can be measured by this instrument are set by the onset of instabilities when the viscosity is too low and the torquetube being twisted too far when the viscosity is too high. The shear rate can be set to any value between about 1 and 1000 s -1 , being a combination of the effect of the motor speed and the gap between the cylinders. The latter value is quite small for most pourable liquids and therefore the shear rate is virtually constant throughout the gap. The response time depends on the complete replacement of all the liquid in the measuring volume.
The TT100 has a very effective CIP set-up. Inlet ports for hot water are positioned to wash the cylinders and keep the all-important gap clean. A special APV hygienic housing is now available that ensures easy cleaning by washing through with cleaning fluids.
CONCLUSIONS
On-line viscometers should be carefully chosenthe amount of care depending on the complexity of the liquid. The viscosity of Newtonian liquids can be measured by any kind of viscometer. If the non-Newtonian liquid of interest is simple, then we will be able to correlate any in-or on-line viscosity with its carefully measured offline equivalent. If however there is no simple correlation, we need to do our best to measure on-line in the same way as we are measuring offline. For instance a number of suitable concentric-cylinder type instruments are now available. Even then, care has to be taken to ensure there is no interference from the flow; either by choice of viscometer or care in regulating the flow through. In the latter situation, single speed or multiple speed models are available. Computer control of course allows us any degree of complexity in measuring.
In terms of response time, we have a compromise situation: fast response times usually come from devices such as vibrating elements (e.g. the Nametre) placed directly in the flow line, however these might be difficult to relate to offline measurement, and are certainly very sensitive to the local flow rate. On the other hand, the best devices that virtually duplicate off-line measurements are usually much slower in response because of the relatively long time taken to replace the liquid being measured (e.g. the Brookfield TT100). Thus the actual choice of device must be made very carefully.
